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Abstract

In this study, a total of 402 warm-sector heavy rainfall (WSHR) and 528 frontal heavy rainfall (FHR) events are identified
by using the hourly precipitation data of 124 national rain gauge stations in South China from 1981 to 2020. The frequency
of heavy rainfall events in South China presents an overall increasing trend, mainly due to the increase of WSHR events in
Guangxi. The monthly frequency of FHR events in Guangxi is always higher than that in Guangdong from April to Sep-
tember, particularly in July, while WSHR events occur more (less) frequently in Guangdong than in Guangxi in April, May,
and August (June and July). The FHR events mainly start around 0000 BST (Beijing Standard Time), while the start time of
WSHR events is relatively evenly distributed from 2300 to 0300 BST. Synoptic circulations of WSHR events are objectively
classified into five types, which reveals the difference of intensity and location of synoptic-scale systems (the western Pacific
subtropical high, vortex, shear line, synoptic low-level jet, boundary layer jet) and precipitation among the five-type events.
The occurrence frequency of Type 1 WSHR events in Guangxi peaks in June, while that of Type 2 varies greatly in Guangxi
and Guangdong. The start time of Type 1 WSHR events has two peaks at 0100 BST and 0800 BST, while the start time of
other four types is mainly within 2300 BST-0400 BST. The mean duration of each type WSHR events is about 10-25 h with
shortest for Type 4 WSHR events and longest for Type 5.

1 Introduction have always been a difficult problem for scientific research

and operational weather forecast. Based on previous studies,

Heavy rainfall is the primary weather-related disaster in
South China (Xia et al. 2006; Sun et al. 2019; Wu et al.
2020a, b). But its triggering mechanisms and predictability
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heavy rainfall can be roughly classified into warm-sector
heavy rainfall (WSHR) and frontal heavy rainfall (FHR)
according to whether it is driven by weak or strong synoptic
forcing (Huang et al. 1986; Ding 1994). The FHR is usu-
ally triggered by a front, which is often generated by the
southward movement of cold air steered by the mid-latitude
synoptic systems. Some of these frontal systems show the
typical structure of a Meiyu front (Wu et al. 2020b). The
WSHR often occurs in the warm sector, about 200-300 km
away from the surface front or occurs in the convergence
zone between the southwesterly and southeasterly airflows,
or even in the southwesterly airflow without wind shear
(Huang et al. 1986; Sun et al. 2019). Triggering mechanisms
for WSHR are quite complicated, which may include topo-
graphic lifting, local thermal inhomogeneity, and land—sea
breeze (Xia et al. 2006; Wang et al. 2011; Du and Chen
2018). The uncertainties in the triggering mechanisms make
the forecasting of WSHR has long been a challenge in the
operational weather forecast (Du and Chen 2018; Sun et al.
2019).
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Previous studies have analyzed the statistical character-
istics of heavy rainfall events in South China (Chen et al.
2012; Wang et al. 2014; Liu et al. 2019a; Wu et al. 2020a; Li
and Du 2021). Chen et al. (2012) documented that the occur-
rence frequency of WSHR events is relatively low before
the onset of the South China Sea (SCS) summer monsoon,
but it increases significantly after the monsoon onset. Wang
et al. (2014) used the daily precipitation data to analyze the
statistical characteristics of persistent heavy rainfall events
over South China and found that non-typhoon persistent
heavy rainfall events in South China are concentrated in
June and July, and that their frequency and intensity show
an interdecadal increase. Liu et al. (2019a) found that WSHR
events in South China mainly occur from April to July, with
the maximum frequency in June and an average duration of
11.58 h. By using 12 years of hourly rain gauge data, Wu
et al. (2020a) identified the WSHR events and FHR events
in Guangdong and found that the frequency of WSHR events
increases markedly from April to June, which is closely
related to the onset of summer monsoon, whereas the FHR
events show an unobvious monthly variation. By analyzing
the relationship between heavy rainfall events and low-level
jets (LLJ), Li and Du (2021) demonstrated that most WSHR
events occur in the coastal areas in the early morning, and
they are mainly caused by the interaction between boundary
layer jets and the land wind at night, whereas the FHR events
are mainly concentrated in the inland.

Due to the complex formation mechanisms, most WSHR
events cannot be predicted accurately by numerical models.
Therefore, researchers and forecasters often focused on the
weather systems and environmental conditions related to
WSHR (Sun et al. 2019). Huang et al. (1986) first classified
the synoptic weather pattern of heavy rainfall in South China
into four types: the warm shear line, the LLJ along coast-
lines, the prefrontal LLJ, and cold fronts or quasi-stationary
fronts. Lin (2006) divided the synoptic background of the
WSHR events into three categories: the backflow WSHR
that is caused by the converging flows or warm-wet wind
shear behind a transformed cold high pressure, the WSHR
caused by a strong southwestern monsoon surge or south-
western LLJ, and the WSHR produced by the upper-level
trough and subtropical LLJ. Chen et al. (2012) categorized
WSHR events into three types according to the main influ-
encing weather systems: the shear-line type, the low vortex
type, and the southerly wind type. He et al. (2016) divided
synoptic circulations of WSHR into three patterns: bound-
ary layer convergence, southerly convergence, and strong
southwest jet. Liu et al. (2019a) categorized the synoptic
circulations of WSHR into four patterns: wind shear, low
vortex, southern wind, and backflow. Classifications in these
studies were all processed subjectively.

However, the application of objective classification
method in meteorology can be traced back to the 1960s
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(Richman 1981). The commonly used objective classifica-
tion methods can be roughly divided into four categories,
i.e., the methods based on eigenvectors (Richman 1981;
Huth 1996), such as the T-mode principal component
analysis (PCT) which has been widely used in circula-
tion classification in recent years (Xu et al. 2016; Miao
et al. 2017; Liu et al. 2019b; Dong et al. 2020; Ning et al.
2020; Yang et al. 2021a, 2021b), the methods based on
the leader algorithm, such as the Kirchhofer method (KIR;
Blair 1998; Han et al. 2018), the hierarchical cluster
analysis (HCL), and the methods based on the optimiza-
tion algorithms (Hoffmann and Schliinzen 2013), such as
the k-means algorithm (KMN) and k-medoids algorithm
(KMD). Generally, geopotential height fields or sea-level
pressure fields are commonly used as the meteorological
variables for circulation classification in previous stud-
ies (Hoffmann and Schliinzen 2013; Xu et al. 2016; Tang
et al. 2021; Yang et al. 2021a; Huang et al 2022; Liu et al.
2022).

Additionally, determination of classification number is
essential for objective classification, but there is no uni-
fied or effective way to determine the number (Huth et al.
2008). For a good classification result, both the homogene-
ity within classes and the differences between classes need
to be large enough. However, with the increase of classifi-
cation number, the former will increase, and the latter will
decrease, which leads to a dilemma on the classification
number. Ways to determinate classification number vary
from study to study without a universal approach or meth-
odology (Hoffmann and Schliinzen 2013; Miao et al. 2017;
Tang et al. 2021; Yang et al. 2021b). However, previous
studies have classified the synoptic circulations of WSHR
events over South China into 3-5 patterns (Lin 2006; Chen
et al. 2012; He et al. 2016; Liu et al. 2019a, 2021), which
provided a physical basis for the current study.

In the current study heavy rainfall events in South
China are identified and categorized into WSHR and FHR
by using the hourly precipitation data from China Mete-
orological Administration (CMA) and the fifth-generation
ECMWEF (European Centre for Medium Range Forecasts)
reanalysis (ERAS) data. Then, the statistical characteris-
tics of the two different types of heavy rainfall events are
compared and analyzed. Furthermore, the synoptic circu-
lations of WSHR in South China are objectively classified
into different patterns by using the k-medoids algorithm.
The remainder of this paper is organized as follows: Sec-
tion 2 presents the introduction of the data and methodol-
ogy. Statistical characteristics of WSHR and FHR events
in South China are compared in Sect. 3. Section 4 presents
classification of synoptic circulations for WSHR and their
statistical characteristics. Finally, a summary is given in
Sect. 5.
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2 Data and methodology

2.1 Data

The hourly precipitation data from 2420 national rain
gauge stations from 1981 to 2020 provided by CMA is
used in this study for identifying the heavy rainfall events.
The rotated empirical orthogonal function (REOF) analy-
sis was applied to detect the spatial modes of hourly pre-
cipitation of eastern China (Li et al. 2016). Adjacent sta-
tions with accumulated variance contribution > 60% were
considered to have the same spatial pattern and should be
categorized into one climatic region. The same method
was used to select 124 stations to represent South China
(Liu et al. 2019a). In the current study, the same 124 sta-
tions are chosen to represent South China (~ 105°-117° E,
21°-26° N), including 42 in Guangdong, 70 in Guangxi, 8
in Hunan, 3 in Jiangxi, and 1 in Yunnan (Fig. 1a).

The ERAS dataset (Hersbach et al. 2020) with a spatial
resolution of 0.25° % 0.25° and temporal resolution of 1 h
from April to September in 1981-2020 is used to deter-
mine the position of front on vertical cross sections and
to analyze the circulation patterns. In addition, the tropi-
cal cyclone (TC) best-track dataset provided by the CMA
(Ying, et al. 2014; Lu, et al. 2021) is used to exclude the
heavy rainfall events influenced by TCs.

2.2 Identification and categorization of heavy
rainfall events

A heavy rainfall event is defined following Liu et al.
(2019a) according to two criteria: at least three adjacent
(with distances between each other < 150 km) stations
record daily precipitation > 50 mm; each of above stations
records at least one continuous 3-h period during which
hourly precipitation >5 mm and accumulative 3-h pre-
cipitation > 30 mm. Here daily precipitation refers to total
precipitation during 0000-2400 UTC. The station satisfy-
ing those criteria and recording the maximum daily pre-
cipitation is defined as representative station. In range of
150 km from the representative station, the time at which
hourly precipitation > 5 mm first (last) recorded is defined
as the start (end) time of heavy rainfall event. Heavy rain-
fall events due to TCs are excluded according to distances
between the representative station and the TC center. If
the distance between the representative station and the TC
center is less than given distance threshold according to
the intensity of TC (Table 1), the heavy rainfall event is
considered to be related to TC and is excluded.
Generally, WSHR events are not affected by synoptic
fronts and often occur under weak synoptic-scale forcing,

while FHR events are closely related to synoptic fronts. To
distinguish WSHR and FHR, existence and location of the
front are determined by examining the vertical meridional
cross section of pseudo-equivalent potential temperature
field along the representative station at the start time of the
heavy rainfall event. If a front exists and the representative
station is located within 200 km from it, the heavy rainfall
event is classified into FHR events. Otherwise, the heavy
rainfall event is classified into WSHR events.

2.3 Classification of synoptic circulation pattern

According to the distribution of the above 124 national
stations and considering that WSHR events in South
China mostly occur under the influence of southerly flow,
the synoptic circulation classification domain for WSHR
events is defined as 100°-125°E, 10°-30°N (the pink box
in Fig. la).

Four objective classification methods (i.e., PCT, KIR,
HCL, and KMD) are employed to classify the synoptic
circulation for WSHR events. Firstly, we investigate their
performance at different classification numbers (i.e., 4, 8,
12, 16) by evaluating six different evaluation indices (i.e.,
the explained cluster variance, the pseudo-F statistic, the
within-type standard deviation, the confidence interval of
the mean, the confidence interval of the mean, the sil-
houette index). Base on the results, the KMD method has
been chosen to classify circulations of WSHR events in
South China. In order to obtain a meaningful result, we
have considered both the results of objective evaluations
and the actual circulation types in previous studies and
decided that the number 5 is the optimal choice which
has been used in the current study. Detailed procedures of
determining classification method and number are in the
supplementary information.

South China is in the transition zone between tropics and
subtropics where the geopotential height gradient is quite
weak. Therefore, only using the geopotential height for clas-
sification cannot achieve efficient results. In addition, the
synoptic systems associated with WSHR events are more
likely to be the convergence or shear lines of the wind field
rather than the systems in the geopotential height field (e.g.,
trough and low pressure; Liang et al. 2019; Wu et al. 2020b;
Chen et al. 2021; Li and Du 2021; Liang and Gao 2021).
As the moisture transport is very important to heavy rain-
fall events (Wang et al. 2016; Sun et al. 2018; Zhang et al.
2021b) and the weather systems related to WSHR events in
South China are mostly important in the lower troposphere
(Wu et al. 2020b; Yin et al. 2020; Liang and Gao 2021), the
geopotential height, wind field, and moisture flux at 850 hPa
and 925 hPa are used in the classification of WSHR events
in South China.
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Fig. 1 a Distribution of national meteorological stations in South
China (red dots) and terrain height (shading; m). The pink box repre-
sents the domain for synoptic circulation pattern classification. b Spa-
tial distribution of WSHR events. The sizes and colors of dots repre-

3 Statistical characteristics of WSHR
and FHR events

According to the criteria in Sect. 2b, 930 heavy rainfall

events are identified in South China from 1981 to 2020.
The WSHR events mostly occur in the coastal areas (the
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sent the occurrence numbers and the maximum daily precipitation of
WSHR events, respectively. Gray shading denotes terrain height. The
red dots indicate that the stations have never been identified as repre-
sentative stations. ¢ As in (b) but for FHR events

south of Guangdong and the southeast of Guangxi) and the
windward slopes of mountains (the middle of Guangdong
and the northeast of Guangxi) (Fig. 1b). The FHR events
mostly occur in the mountainous areas of northern Guangxi
(Fig. 1c). This distribution is consistent with previous stud-
ies (Wu et al. 2020a; Li and Du 2021; Du et al. 2022). A
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Table 1 Distance thresholds of TC influence

Grade of tropical cyclones Distance
threshold
(km)
Tropical depression 200
Tropical storm 300
Severe tropical storm 400
Typhoon and above 500

total of 27 (6) stations have never been identified as rep-
resentative stations in WSHR (FHR) events from 1981 to
2020, and the maximum daily precipitation in WSHR (FHR)
events is 493.7 mm (329.4 mm). These features indicate that
WSHR events tend to occur over several specific areas in
South China, yet FHR events are more evenly distributed.
The most frequent year is 2008 with a total amount of 41
heavy rainfall events, and the least frequent year is 1991 with
a total amount of 9 (Fig. 2a). The total amount of WSHR
events is 402 (Table 2), and the highest frequent year is 2008
with a total amount of 20. The total amount of FHR events
is 528, and the highest frequent year is 2010 with a total
amount of 25. As shown in Fig. 2a, both WSHR and FHR

Table2 Number and corresponding proportion of the five different
types of WSHR events

Number Proportion (%)
Type 1 110 27.3
Type 2 106 26.3
Type 3 67 16.7
Type 4 55 13.7
Type 5 64 15.9
Total 402 100

events show an increasing trend, with the growth rate of
1 per decade and 0.1 per decade, respectively. To investi-
gate the regional characteristics of the frequency of heavy
rainfall events in South China, the frequencies of WSHR
and FHR (Fig. 2c) events in Guangdong and Guangxi are
further analyzed (Fig. 2b). The frequency of WSHR events
in Guangdong increases slightly with a change rate of 0.16
per decade, while that in Guangxi increases significantly
with a change rate of 0.82 per decade. As for FHR events,
the frequency increases slightly in Guangdong and decreases

Fig.2 a Interannual variation of
heavy rainfall event frequency
in South China with orange and
blue bars representing WSHR
and FHR, respectively; b
interannual variation of WSHR
frequency in South China with
dark and light orange bars rep-
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resenting WSHR in Guangdong
and Guangxi, respectively. ¢
The same as (b) but for the
FHR. d Monthly variation of
WSHR frequency. e The same
as (d) but for the FHR. The
lines represent occurrence
frequency trends, in which the
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slightly in Guanxi. It is clearly shown that the increase of
heavy rainfall events in South China is mainly caused by the
increase of WSHR events in Guangxi.

Figure 2d, e exhibits the monthly variations of WSHR
and FHR events in South China. The frequencies of WSHR
events in Guangdong and Guangxi both peak in June (62
and 67, respectively), but there are some differences in
other months. WSHR events occur more (less) frequently
in Guangdong than in Guangxi in April, May, and August
(June and July), indicating a conversion of WSHR frequency
between Guangdong and Guanxi in late May or early June.
This may be related to the seasonal adjustment of atmos-
pheric circulations, that is, the onset of SCS monsoon in
late May (Kajikawa and Wang 2012; Huangfu et al. 2017,
Luo and Lin 2017). However, FHR events show different
monthly variations from WSHR events. Their frequency in
Guanxi peaks in June (120), while that in Guangdong peaks
in May (54), and the former is always higher than the latter
from April to September, particularly in July (46 versus 8).

Figure 3 shows the frequency diurnal variations of the
start time and end time of WSHR and FHR events. The
start time of WSHR and FHR events in South China is
generally at night, but there are some differences. The start
time of FHR events is mainly concentrated at 2200-0300
Beijing Standard Time (BST, BST=UTC + 8 h), with the
peak at 0000 BST, while the start time of WSHR events is
evenly distributed from 2300 to 0300 BST. Since WSHR
events mostly occur in the coastal areas or the windward
slope of mountains (Fig. 1b), their triggering at night may
be related to the intensification of low-level convergence
caused by the interaction between the onshore mon-
soon flows and the downslope winds/land breezes (Bai
et al. 2019). The triggering for FHR events at night may
attribute to two mechanisms: the intensifications of LLIJs
at night and the subsequent enhancements of moisture

transport, low-level convergence, and convective instabil-
ity (Guan et al. 2020; Zeng et al. 2019, 2022; Huang et al.
2022), and frontogenesis caused by the diabatic process,
i.e., the combination of sensible cooling, condensational
heating, and evaporative cooling (Bannon and Mak 1984;
Chen et al. 2007; Wang et al. 2022). The nocturnal LLJs
enhance the horizontal convergence or mesoscale ascent at
night due to the southerly which helps trigger FHR events
over front area at their northern terminus (Zeng et al.
2022). During frontal precipitation, the frontogenesis is
dominated by diabatic heating (Wang et al. 2022). At the
warm side of the front, the combination of condensational
heating and evaporative cooling is negligible at the early
stage since the precipitation is relatively small (Cartwright
and Ray 1999; Reeves and Lackmann 2004). However, at
the cold side of the front, sensible cooling over cloud-free
areas increases the temperature gradient, causes frontogen-
esis (Chen et al. 2007), and subsequently triggers the FHR
events during night.

The end time of WSHR and FHR events is both concen-
trated in the daytime (Fig. 3b). FHR events are likely to
end in the morning and noon, probably due to the weaken-
ing of temperature gradient on the two sides of the front
during daytime (Chen et al. 2007). WSHR events prefer to
end in the afternoon. Previous studies have shown that the
maintenances of WSHR events are closely related to the
LLJs, including the interaction between LLJs and topog-
raphy (Du and Chen 2019) and the convergence of LLIJs
and the local land/mountain breezes (Wu et al. 2020a; Li
and Du 2021). Since the occurrences of LLJs are minimum
(Du et al. 2014) and the intensities are weakest (Du and
Chen 2019) in the afternoon, it can be inferred that the end
of WSHR events in the afternoon is mainly related to the
weakening of LLJs.

[ WSHR [EE FHR

Fig.3 Frequency diurnal 0.15-
variations of start time and end (aﬁ)‘ Start
time of (a) WSHR and (b) FHR 0.1
events. Orange and blue bars ]
represent WSHR and FHR, 1
respectively 0.05
> ]
o ]
o) 0-
o
q) -
L 0.15 ] (b) End
0.1
0.05
0 .
0 3
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4 Classification of WSHR events in South
China

4.1 The classified synoptic circulation patterns

WSHR events are classified by the KMD method intro-
duced in Sect. 2c. The number and corresponding propor-
tion of the five different types of WSHR events are shown
in Table 2. The synoptic circulations corresponding to the
start time of WSHR events in each type are synthetically
analyzed and the composite fields of each synoptic circula-
tion pattern are shown in Figs. 4, 5, 6, 7, 8. The objective
classification results represent not only the major charac-
teristics of circulation but also the distribution of rain belts
or rainfall centers. To verify the representativeness of the
composite fields of each synoptic circulation pattern, five
typical WSHR events of each type are selected for further
analysis. There are 110 WSHR events of Type 1, account-
ing for 27.3% (Table 2). For Type 1 (Fig. 4a), the western
Pacific subtropical high (WPSH), which is indicated by
the 5880-gpm contour at 500 hPa, is located to the east
of the SCS, and South China is mainly influenced by the
southwesterly airflow. The southwesterly airflow is formed
by the confluence of two flows, one of which extends

from Indochina Peninsula to the mainland of South China
through Beibu Gulf and the other extends from the SCS to
the mainland, converging with the first one in the coastal
area of South China. Zhang and Meng (2019) indicated
that the mean height of synoptic low-level jets (SLLJ) and
boundary layer jet (BLJ) are ~800 hPa and ~ 930 hPa in
South China, respectively. Therefore, the SLLJ (BLJ) is
defined as the wind with speed exceeding 8 m/s at 850 hPa
(925 hPa) in the present study. The positions of SLLJ and
BLJ are close on the whole, but there are some differences
in the location of jet cores (Fig. 4a). The BLJ core is to
the south of the SLLJ core and is located in the coastal
area, while the SLLJ core is located inland. Hourly mean
precipitation is widely distributed in the north of Guangxi
(Fig. 4c). The typical WSHR event for Type 1 started at
0700 BST on June 27, 1988 and lasted for 31 h. The pre-
cipitation was widely distributed in the north of Guangxi,
with the maximum hourly value of 67.6 mm and the maxi-
mum total amount of 276.5 mm (Fig. 4d). The location and
intensity of SLLJ in the event were basically the same as
those in the composite analysis, but the BLJ was located
more northerly in the event (Fig. 4b). There was a TC to
the south of WPSH in the event and the southwesterly over
Indian Ocean was stronger than that in the composite field,
which may provide moisture for the WSHR event. The
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Fig.4 Synoptic circulations of a composite field and b typical event
for the Type 1 warm-sector heavy rainfall (WSHR) in South China.
The pink box indicates the classification domain. Blue contours refer
to the 5880 gpm at 500 hPa. Vectors refer to wind at 850 hPa, of
which orange (red) ones indicate that wind speed exceeds 8 (12) m/s.
Shaded areas indicate that wind speed exceeds 8 m/s at 925 hPa. ¢
Hourly mean precipitation deviation (mm) of Type 1. Hourly mean
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precipitation is calculated based on the events at every station within
a radius of 150 km around representative stations, and the deviations
are obtained by subtracting hourly mean precipitation of all WSHR
events from hourly mean precipitation of events in each type. d
Cumulative precipitation (mm) of typical event for Type 1. The time
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precipitation was distributed in the mountainous areas of
northern Guangxi. The convergence caused by the interac-
tion between SLLJ and terrain acted as a triggering mecha-
nism for the event.

There are 106 events of Type 2 accounting for 26.3%. The
WPSH extends westward to the middle of the SCS, and most
of South China is influenced by the southwesterly airflow
except for the northern Guangxi (Fig. 5a), which is under
the influence of a shear line. Compared with the circulation
in Type 1 (Fig. 4a), the southwesterly airflow in Type 2 is
slightly weaker, which is probably due to the location and
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shape of the WPSH. Both SLLJ and BLJ are weaker with-
out obvious jet cores than those in Type 1. The high-value
centers of hourly mean precipitation corresponding to Type
2 are relatively concentrated in the middle of Guangdong
(Fig. 5¢). It can be seen that precipitation center is located
between the shear line and BLJ (close to BLJ), so the heavy
precipitation is caused by both the shear line and the jet.
The selected WSHR event of Type 2 started at 0700 BST
on May 25, 1996 and lasted for 19 h. The precipitation was
widely distributed from southern to central Guangdong, with
the maximum hourly rainfall of 69.4 mm and the maximum
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Fig.7 The same as Fig. 4, but
for Type 4
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Fig.8 The same as Fig. 4, but
for Type 5
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cumulative rainfall of 148 mm (Fig. 5d). The WPSH was a
little easterly than that in the composite analysis (Fig. 5b).
The intensity (location) of SLLJ in the event was stronger
than (roughly the same as) that in the composite field. As for
BLJ, the location was more northerly, and the intensity was
stronger than that in the composite field.

The total proportion of the first two types of WSHR
events reaches 53.6%, and the proportions of the other
three types are 16.7%, 13.7%, and 15.9%. Type 3 (67
events) is characterized by the strong low-level south-
westerly airflow (Fig. 6a), due to the eastward retreat of

WPSH to the central Pacific. A weak vortex is located in
northern Guangxi. Its vertical extension is quite shallow,
obvious only at 700 hPa, and it gradually turns to be a
shear line below 700 hPa. The WSHR events are usually
far from the shear lines and often occur at the coastal areas
or on the southern slope of mountains. It is indicated that
the shear lines are more likely to regulate the large-scale
circulation than directly cause the WSHR events. SLLJ
and BLJ in Type 3 are considerably strong, extending
from the Bay of Bengal to the mainland of South China
through the Indochina Peninsula. The BLJ core is located
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in Beibu Gulf and the SLLJ core is slightly southerly. The
corresponding high-value centers of hourly mean precipi-
tation are located in northwestern Guangxi, southeastern
Guangxi, and southeastern Guangdong (Fig. 6¢), which
may be caused by different mesoscale convective systems
under the influences of the vortex/shear line, the BLJ, and
SLLJ. The typical WSHR event of Type 3 began at 0400
BST on August 12, 1999 and lasted for 14 h. The precipi-
tation was concentrated in a small region in southeastern
Guangdong, with a maximum hourly record of 28.8 mm
and a maximum total precipitation of 79.1 mm (Fig. 6d).
Although both SLLJ and BLJ were quite strong in this
event (Fig. 6b), the moisture passed through South China
instead of staying there, resulting in weak moisture conver-
gence, less precipitation, and short duration of this event.

Type 4 has only 55 events, which is the least of all
five types of WSHR events. The synoptic circulation of
Type 4 (Fig. 7a) shows that South China is on the north
side of the WPSH that controls the SCS and is under the
influence of the southerly airflow which consists of two
branches. One is the southwesterly airflow from the Indo-
china Peninsula and the other is the southeasterly airflow
from the western Pacific through the SCS. The eastern
Guangdong is influenced by the southeasterly airflow, and
the other areas are influenced by the southwesterly air-
flow. The SLLJ and BLIJ of this type are weakest among
the five types. Four backflow WSHR events studied by
some researchers before are all classified into Type 4 (Ye
and Miao 2014; Ye and Xu 2014; Lin et al. 2015, 2020),
suggesting that this type reflects the major characteristics
of backflow WSHR events to some extent. There are two
high-value centers of hourly mean precipitation in Type
4 (Fig. 7c), with one located at the junction of southwest-
ern Guangdong and southeastern Guangxi and the other
located in the northeastern Guangxi. The formation of first
precipitation center may be related to the convergence of
the southwesterly and southeasterly flows, and the second
and the third are related to the low-level jet and terrain.
The selected WSHR event of Type 4 started at 0200 BST
on April 27, 1998 and lasted for 15 h. The precipitation of
the event was widely distributed in southwestern Guang-
dong, with the maximum hourly precipitation of 102 mm
and the maximum cumulative precipitation of 281.2 mm
(Fig. 7d). The controlling area of WPSH in the event was
wider than that in the composite field, but the low-level
circulation was basically the same from Indian Ocean to
SCS (Figs. 7a, b). The SLLJ in this event had the similar
intensity as that in the composite field but the location
was slightly southerly. As for BLJ, the intensity in this
event was stronger and the controlling area was larger. The
entrance of BLJ in this event had extended southward to
the middle of the SCS, which was more conducive to the
moisture transportation to the rainfall area.
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As for Type 5 (Fig. 8a), the WPSH is to the northeast
of South China. A strong vortex controls the southeastern
Guangxi, while other areas in South China are influenced by
the southeasterly airflow which splits into two branches in
the north of South China. Hourly mean precipitation centers
in Type 5 are in southern Guangxi and the coastal areas of
Guangdong (Fig. 8c). The former center may be related to
the vortex and land-sea breeze (Wen et al. 2010), the latter
center may be caused by the interaction between BLJ and
coastal terrain. The typical WSHR event of Type 5 began
at 0100 BST on June 27, 2001 and lasted for 23 h. The cir-
culation of this event was consistent with that of composite
field, characterized by the same positions of WPSH and the
vortex, and the similar locations and intensity of SLLJ and
BLJ (Fig. 8b). The precipitation of this event was distrib-
uted near the coast of Guangxi, with the hourly maximum
of 107.9 mm and the maximum cumulative precipitation of
341.8 mm (Fig. 8d).

In Type 4 (Fig. 7a) and Type 5 (Fig. 8a), Guangdong is
under the influence of the southeasterly airflow, but there
are some differences. The easterly airflow in Type 5 is to
the south of WPSH and the associated anti-cyclonic circula-
tion is also consistent with WPSH, which indicates that the
southeasterly airflow in this type is generated by the WPSH.
However, the southeasterly airflow in Type 4 does not coin-
cide with the 5880-gpm contour of WPSH. As WSHR events
in this type mainly occur in April and May, the southeasterly
airflow in Type 4 may be related to the transformed surface
cold high on the sea, which is also consistent with the char-
acteristics of backflow WSHR events.

4.2 Statistical characteristics

Monthly variations of WSHR occurrence frequency for each
type are shown in Fig. 9. For Type 1 (Fig. 9a), WSHR events
mainly occur from April to June in Guangdong and from
May to July in Guanxi. As for Type 2 (Fig. 9b), WSHR
events in Guangdong mainly occur from April to June,
which is similar with Type 1 but with the highest frequency
in May rather than in June as in Type 1. WSHR events in
Guangxi occur much less frequently than those in Guang-
dong, mainly in April, May, and June. WSHR events of Type
3 (Fig. 9¢) mostly occur from June to August, and those of
Type 4 (Fig. 9d) mainly in April and May. As for Type 5
(Fig. 9¢), WSHR events relatively evenly occur in June, July,
and August. It is clear that the monthly variation of differ-
ent type WSHR is associated with the variation of synoptic
circulation.

To investigate the similarities and differences of diurnal
variation characteristics of the five types, the frequencies
of start time and end time, precipitation perturbation and
duration distribution of each type are shown in Fig. 10. In
general, start time of these five types is mostly at night,
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which is consistent with the diurnal variation for all WSHR
events (Fig. 3a). There are two peaks of start time for Type
1 (Fig. 10a), namely 0100 BST and 0800 BST. Start time of
Type 2 (Fig. 10e) is concentrated within 0100-0300 BST,
of which 0100 BST counts the most. The frequency of start
time reaches the highest at 2300 BST for Type 3 (Fig. 10i).
The frequency of start time for Type 4 (Fig. 10m) is concen-
trated within 0200-0400 BST and reaches highest at 0400
BST. As for Type 5 (Fig. 10q), the frequency of start time
reaches highest at 0000 BST. In general, start time of WSHR
events is mainly within 2300-0400 BST, which is mainly
caused by the convection triggered at night.

In terms of end time, most WSHR events tend to end at
noon or afternoon. For Type 1 (Fig. 10b), the events mainly
end within 1300—1700 BST, with the least frequency at 1600
BST. As for Type 2 (Fig. 10f), the frequency of end time
reaches highest at 2100 BST. The frequency of end time
reaches highest at 1300 BST for both Type 3 and Type 4
(Figs. 10j, n, respectively). For Type 5 (Fig. 10r), the fre-
quency of end time is relatively evenly distributed from 1100
to 1500 BST.

Hourly mean precipitation of a certain type is obtained
by averaging precipitation of all stations within a radius of
150 km around the representative station at each hour of the

whole duration. To further illustrate the diurnal variation of
precipitation for each type, precipitation perturbations are
calculated by subtracting the hourly mean precipitation of
each type (Fig. 10c, g, k, o, s). Overall, precipitation mainly
concentrates in early morning and late afternoon, consistent
with the results found by Luo et al. (2016) that occurrence
frequency of extreme hourly precipitation for weak-synop-
tic type over South China peaks at early morning and late
afternoon.

The diurnal variations of precipitation for Type 1
(Fig. 10c), Type 3 (Fig. 10k), and Type 5 (Fig. 10s) show
similar patterns, that is, precipitation mainly occurs at early
morning, with the maximum at 0600, 0600, and 0200 BST,
respectively. Precipitation of Type 1 mainly occur at the
north of Guangxi (Fig. 4c), which is the high-value center
of occurrence frequency for both extreme hourly precipita-
tion and persistent heavy rainfall events (Chen 2018; Zhang
et al. 2021a), showing early morning peaks similar as hourly
precipitation of Type 1. Li and Du (2021) found that pre-
cipitation of WSHR events mainly occurs at three coastal
areas, two of which are consistent with precipitation centers
in Type 5 and Type 3, namely, the south of Guangxi and the
southeast of Guangdong, and both show similar precipitation
peaks at the early morning. Wu et al. (2020a) also identified
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Fig. 10 Diurnal variations of start time (first column, unit: fre-
quency), end time (second column, unit: frequency), perturbation of
hourly mean precipitation (third column, unit: mm) of WSHR events
for five types of WSHR events. The precipitation perturbation is
obtained by subtracting mean value from hourly precipitation of each

the WSHR precipitation center on southeastern Guangdong
with an early morning peak similar as in Type 3.

Precipitation of Type 2 (Fig. 10g) mainly occurs at morn-
ing and afternoon, with the peak at 1700 BST. WSHR events
of Type 2 mainly occur in May and June (Fig. 8b), with the
precipitation center located at central Guangdong (Fig. 5¢).
The diurnal variation of precipitation of Type 2 may be
related to LLJ or local circulation, which should be further
studied in future. The diurnal cycle of Type 4 (Fig. 100)
shows a different pattern with fluctuant diurnal phase and an
after-sunset peak at 2000 BST, which may be caused by the
combination of the shortest durations (Fig. 10p) and multiple
precipitation centers (Fig. 7¢).

The duration of Type 1 WSHR events (Fig. 10d) is
roughly 11-20 h (first quartile to third quartile, the same
below) with a median of 15 h and an average of 16.49 h. The
durations of Type 2 and Type 3 (Figs. 10h, 1, respectively)
are 12-19 h and 11.5-22 h, respectively, basically consistent
with that of Type 1. The duration of Type 4 WSHR events
(Fig. 10p) is 10-14 h, relatively shorter than that of other
types, with a median of 11 h and an average of 12.31 h. As
for Type 5 (Fig. 10t), the duration is 13.75-24.25 h, with a
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type. Box plots in the last column indicate the distributions of WSHR
durations. The left and right edges of the box represent Ist quartile
and 3rd quartile, respectively. Black solid lines and red dashed lines
inside the boxes represent median and average value, respectively

median of 17.5 h and an average of 19.63 h, which is longest
among five types, and this phenomenon may be related to
the intensity of strong vortex and LLJ.

5 Summary and conclusion

Based on the hourly precipitation of 124 rain gauge stations
in South China from 1981 to 2020 and the ERAS5 reanalysis
data, the heavy rainfall events in South China were identi-
fied and divided into WSHR and FHR, and the circulations
associated with the WSHR were objectively classified by the
KMD method. The main conclusions are as follows.

A total of 930 heavy rainfall events (402 WSHR events)
were identified in South China from 1981 to 2020. The
occurrence frequency of heavy rainfall events in South
China shows an increasing trend from 1981 to 2020,
mainly due to the increase of WSHR events, particularly
in Guangxi. The monthly frequency of FHR events in
Guangxi is always higher than that in Guangdong from
April to September, especially in July. The occurrence
frequency of WSHR events in Guangdong is much higher
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than that in Guangxi in April, May, and August but lower
in June and July. The start time of FHR events in South
China is mainly around 0000 BST, while that of WSHR
events is relatively evenly distributed from 2300 to 0300
BST. Both FHR and WSHR events end mainly in the day-
time, but the former end mostly in the morning, while the
latter mostly around noon.

The synoptic circulations of WSHR events in South
China were objectively classified into five types by using
the KMD method. The Type 1 WSHR events are mainly
affected by the southwesterly airflow, and the precipitation
areas are relatively scattered. The Type 2 WSHR events
are affected by the interaction between the southwesterly
airflow and the shear line, and the precipitation areas are
mainly located in the middle of Guangdong. The SLLJ
and BLJ in Type 3 are both the strongest. As for Type 4,
WSHR events are mainly caused by the convergence of the
southwesterly airflow and the southeasterly airflow, and
the precipitation is correspondingly concentrated in the
convergence zone of the two streams and the mountainous
area to the north. The Type 5 WSHR events are mainly
affected by the vortex and the southerly wind.

There are obvious differences in monthly, diurnal vari-
ations, and duration of the five different WSHR types.
The monthly variation of two major types shows that the
frequency of Type 1 WSHR events in Guangxi peaks in
June, while that of Type 2 varies greatly in Guangxi and
Guangdong. The frequency of start time for Type 1 has
two peaks at 0100 BST and 0800 BST, while the start
time of other types is mainly concentrated in 2300-0400
BST. Two end time peaks appear in Type 2, which are at
1200 BST-1400 BST and 2100 BST, and the end time of
other types is mainly within 1100 BST-1700 BST. The
main duration of all WSHR events is about 10-25 h. The
duration of Type 4 WSHR events is shortest, while that of
Type 5 is longest.

In summary, this study analyzed the spatio-temporal char-
acteristics and the objective classifications of the WSHR
events in South China (Guangdong and Guangxi). However,
in-depth discussion on their formation mechanisms is not
conducted. The relationships between these statistical char-
acteristics and the corresponding synoptic circulations, mes-
oscale convection, and their formation mechanisms in dif-
ferent circulation patterns need to be investigated in future.
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